A modified version of the concentration-dependent model (CDM) potential (A. Caro et al., Phys. Rev. Lett. 95 (2005) 075702) [1] has been developed to study defects in Fe-Cr for different Cr concentrations. A comparison between this new potential and DFT results for a variety of point defect configurations is performed in order to test its reliability for radiation damage studies. The effect of Cr concentration on the vacancy formation energy in Fe-Cr alloys is analyzed in detail. This study shows a linear dependence of the vacancy formation energy on Cr concentration for values above 6% of Cr. However, the formation energy deviates from the linear interpolation in the region below 6% Cr concentration. In order to understand this behavior, the influence of the relative positions between Cr atoms and vacant sites on the vacancy formation energy has been studied.
Introduction
One of the key issues in the development of future fusion and generation IV fission reactors is the selection of materials [2] . FeCr ferritic alloys have been identified as good candidates for structural applications in these systems due to their high resistance to swelling [3] [4] [5] [6] and corrosion [7] . The prediction of their in-service performance under the extreme conditions characterizing these new applications, require a fundamental understanding of the changes induced by irradiation.
Computational modeling and simulations can play a significant role in studying damage production and microstructure evolution, helping in the interpretation of experimental observations, and in the extrapolation to those irradiation conditions that cannot be currently achieved experimentally [8] . For that purpose, models must provide a precise description of those defects formed under neutron irradiation and the effect that the alloying element, in this case Cr, can have on the type of defects produced as well as their migration properties. Although calculations based on density functional theory (DFT) are currently the most accurate, their high computational cost limits the system size that can be studied to point defects or small defect clusters. It is therefore necessary to develop empirical potentials that can handle calculations with thousands or millions of atoms. The accuracy of these potentials, however, must be tested against DFT results for those parameters of interest, in this case point defects.
The concentration-dependent model (CDM) is a methodology to derive potentials for complex alloys [1 ] . In its original application it was adjusted to the heat of formation of the Fe-Cr solid solution and was used to derive thermodynamic properties of the solution [9] [10] [11] . In this work we present a Version-2 of the potential fitted to the main features of point defects in Fe-Cr. This new potential is then used to study a large variety of defects in both bcc Fe, Cr, and Fe-Cr solutions. Results are compared with DFT calculations by Olssonet al. [12, 13] .
One of the important factors that require a better understanding is how the increase in Cr concentration changes the properties of the FeCr alloys. Swelling, for example, has been studied experimentally as a function of Cr content [6] . However, the correlation between macroscopic properties and microscopic structures, such as point defects, is not straightforward and it requires coupling different modeling techniques. Information of defect stabilities and binding and migration energies obtained from DFT or empirical potential calculations can be used in object kinetic Monte Carlo (OKMC) models to study defect evolution to time and length scales that can be directly compared to experimental measurements. This approach has been used very successfully in pure Fe [14] [15] [16] as well as other metals, but it is significantly more cumbersome when dealing with concentrated alloys. In these cases, understanding fundamental questions such as the dependence of defect formation energies on Cr concentration could help in the development of such OKMC models for alloys under irradiation. For that purpose, we have studied in detail the dependence of the vacancy formation energy on Cr concentration.
The paper is structured as follows. In Section 2 we provide the description of the modified interatomic potential. Section 3 gives computational details. Section 4 presents the results of point defect energies (Section 4.1) and of the dependence of the vacancy formation energy on Cr concentration and distribution (Section 4.2). A summary and conclusions are presented in Section 5.
Composition dependent empirical potential for FeCr alloys
The Composition Dependent Model is a many body empirical potential formalism able to describe alloys with complex formation energy [1] . In its original formulation it was developed for the bcc Fe-Cr solid solution, adjusting its 0 K enthalpy of mixing to the coherent potential approximation, CPA, results of Olsson et al. [17] . In the present work, we report a new version of the potential, that we call Version-2, adjusted to additional properties in particular point defect energetics. The modifications affect the cross pair potential, which in the CDM formalism is given as a product of a function of composition times a function of distance, namely: t/ FeCr (x, r) = h(x) • V FeCr (r). The changes are: (i) -the polynomial h(x) has been re-fitted so that the CPA Olsson's results are reproduced by the relaxed formation energy, rather than the un-relaxed one as originally done in [1]; (ii) -the function of the distance in the cross potential V Fe cr(r) has been modified for distances smaller than the nearest neighbor distances to properly account for the energetics of interstitials as reported by Olsson et al. [12] . These modifications do not alter any of the pure elements properties. For the alloy, predictions of properties not involving interstitials are only slightly modified with respect to the previous version.
Composition dependent potentials contain explicit 3-body terms that in principle call for a third loop on neighbors in the calculation of forces, making them appear as more computationally demanding than the standard EAM. In a recent paper [18] we show that the particular kind of 3-body forces appearing in these potentials do not require additional computational cost. The implementation of the CDM as well as tables for the present version of the Fe-Cr potential can be obtained from the Lammps website [19] . The coefficients for the h(x) polynomial are given in Table 1 .
Computational methodology
The calculations were performed at constant volume, relaxing the atomic positions by using the conjugate gradient algorithm [20] . Periodic boundary conditions were set for all the calculations. The equilibrium lattice parameter employed in the calculations of defects in Fe and Cr bcc cells are 2.855 A and 2.878 A respectively. The size of the cell used for the calculation of the formation energies is 2000 atoms, if not otherwise mentioned.
The definitions of formation energy and binding energies of defects used in this work are the same as those in Ref. [12] in order to compare with those DFT results. The formation energy of a given The vacancy formation energy was calculated in a series of samples with increasing Cr concentration. Since the distance between the solute Cr atoms and the vacancy influences the formation energy of the latter, we analyzed all possible locations of the vacancy for a given sample size. Eleven samples of 1024 atoms with Cr concentrations ranging from 0.1 to 17 at.% Cr concentration were simulated using molecular dynamics at a constant temperature of 0.01 K, 0 pressure, and a run of 3000 steps with a time step of 10~1 5 seconds. Thereafter, a vacancy is added taken care that only Fe atoms were removed. At the end of the operation approximately 1000 samples (depending on the Cr concentration) were analyzed for each Cr concentration, representing all possible configurations for a given realization of the random solid solution in a 1024 atom sample.
We have also performed calculations to study the influence of the distance between the solute Cr atoms and the vacancy. We have calculated the vacancy formation energy for Fe samples with only two Cr atoms, i.e. 0.1 at.% Cr. For these calculations we have first fixed one of the Cr atoms in a 1st nearest neighbor (Inn) position with respect to the vacancy and move the other one to all possible positions from 1st nn to 5th nn to the vacancy, and then repeating these calculations fixing the 1st Cr atom at 2nn, 3nn, 4nn and 5nn positions with respect to the vacancy. Finally, we have calculated the vacancy formation energy in a bcc Fe lattice with Cr atoms placed at 1st or 2nd nn positions performing calculations over the complete set of possible configurations from 1 Cr atom up to 14 Cr.
Results

Point defect energies in bcc Fe and bcc Cr
The point defect formation energies in pure bcc Fe using the newly developed CDM potential have been reported in a previous study [21] for a small set of defect configurations. Results in this study show that this new empirical potential reproduces the most important features in Fe-Cr alloys. In particular, the Fe-Cr mixedinterstitials are more stable than Fe-Fe or Cr-Cr interstitials for all configurations studied, that is (1 1 1), (1 1 0) and (1 0 0) dumbbells as well as tetrahedral and octahedral sites, as shown in Fig. 1 . It is also worth noticing that the (1 1 0) configuration is the most stable The calculations of point defects have been extended to include multiple defects in order to evaluate the applicability of this new empirical potential for radiation damage studies. In particular we have evaluated the interactions of one and two substitutional Cr atoms with (1 0 0), (1 1 0) and (1 1 1) interstitials considering different possible configurations and following the DFT calculations of Olsson et al. [12] . Binding and formation energies of these interactions are presented in Table 2 . Results obtained with the CDM potential are compared to those obtained from DFT calculations [12] . Fig. 2 displays all the configurations studied in Table 2 . There are significant qualitative, and in some cases, quantitative agreements with the DFT results in terms of binding energies and relative stabilities of defects despite the fact that the interatomic potential has not been fitted explicitly to any of these configurations.
For the mixed-interstitials ( Fig. 2a-e) , as discussed above, the most stable configuration is the (1 1 0) dumbbell both in DFT and in the empirical potential, and in all cases there is a positive binding like in DFT. The binding energy of the (1 1 0) dumbbell obtained from the CDM potential is higher than the DFT value, 0.24 eV and 0.08 eV respectively, and the largest discrepancy is for the (1 0 0) Fe _c r configuration, with a binding energy of 0.69 eV in contrast with DFT results where this binding energy is very small (0.097 eV).
Interaction of Cr in the tensile, (1 1 0) Fe _Fe -L Cr, and compression, (1 1 0) Fe _ Fe -Cr, sites with (1 1 0) Fe-Fe interstitial (Fig. 2f  and g, respectively) are small, slightly attractive in the case of the CDM potential with a higher value for the tension site (0.12 and 0.07 eV, respectively). These results differ from DFT where the interaction is repulsive with a Cr in the tensile site ( For one Cr atom and a mixed (1 1 0) Cr _ Fe dumbbell (Fig. 2k-m ) the most stable configuration is (1 1 0) Cr _ Fe -Cr subs , Fig. 2m , for the CDM potential with a binding energy of 0.23 eV, in good agreement with DFT calculations (0.154 eV). The CDM binding energies reflect a dependence on the distance between the two Cr atoms being negative when the Cr atoms are close to each other, where the small distance allows the Cr-pair repulsion to dominate over the attraction present for the single-Cr configurations, increasing to positive values as the distance between these atoms increases. This agrees with the observations of repulsion between Cr atoms in Fe by Klaver et al. [24] .
The interaction between Cr in substitutional sites and a (1 1 0) Fe-Fe interstitial has also been studied for different configurations (Fig. 2n-t) . Of these different configurations, only two have the opposite sign with respect to the DFT results, namely configurations in Fig. 2s and t where the CDM potential predicts an attraction and the DFT results show a repulsion although with small binding energies (-0.1 eV).
Defects in bcc Cr have also been studied, including (10 0), (1 1 0) and (111) Fe-Fe and Fe-Cr interstitials and results are presented in Table 3 . As shown in Fig. 3 (for comparison with Fig. 1) , the most stable configuration for all cases is the (1 1 0) dumbbell, as in the case of a bcc Fe matrix. However, in the case of the Fe-Cr mixed-interstitials the energy difference between the (1 1 0) dumbbell and the (1 0 0) configuration is almost negligible. This is also the case between the (1 1 0) and (1 1 1) Cr-Cr self-interstitials and in agreement with DFT results, as mentioned above. Notice that the Fe-Cr and Fe-Fe interstitial formation energies in chromium are more than 1 eV smaller than Cr-Cr self-interstitial formation energies and have the same order of magnitude than these interstitials in iron.
Dependence of the vacancy formation energy on Cr concentration and distribution
We have applied the new empirical potential to the study of the vacancy formation energy in bcc Fe-Cr random solid solution as a function of Cr concentration. Calculations were performed for 11 different Cr concentrations ranging between 0.1 and 17 at.% Cr. The solid solution is thermodynamically unstable for concentrations above ~10% but these static or low temperature calculations do not allow for precipitation to occur. All calculations were performed in 1024 atom cells. For each sample we have performed calculations over the entire ensemble of possible configuration, that is removing an atom at every one of the 1024 lattice sites. A histogram of energies was produced for each set of samples containing the same number of Cr atoms (see Fig. 4 ), and a Gaussian distribution function was fitted to it, providing mean energy and standard deviation. Each mean value for total enthalpy of a sample including a vacancy was then used in conjunction with the respective value of total enthalpy of the same sample without the vacancy to provide the formation energy of the vacancy and its dispersion at the given Cr concentration, as shown in Fig. 5 . We can observe that dispersions are larger at high Cr concentration. Fig. 5 shows some interesting results. In an ideal solution the vacancy formation energy would follow a direct interpolation between the pure element values. However, the formation energy in Fig. 5 deviates from the linear interpolation in the region below 6% Cr concentration, similar to the behavior of the heat of 
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Octa. In order to study the influence of the distance between the solute Cr atoms and the vacant sites, calculations on the vacancy formation energy with particular positions of the Cr atoms have been performed. Firstly, we have calculated the maximum and minimum values for each concentration for four different and random Cr distributions, as shown in Fig. 6 . As mentioned above, one would expect the maxima and minima values to increase linearly with the concentration. In contrast, Fig. 6 shows that minima values are almost constant with the increasing concentration and almost equal to the value of the vacancy formation energy in pure iron, whereas maxima values increase with the Cr concentration in steps. Nevertheless, we can observe in this figure how the dispersion in the values increases with the Cr concentration, just as shown before in Fig. 5 .
It is already known from DFT calculations [12] that the presence of a single Cr atom does not influence the vacancy formation energy, even if the Cr atom is first nearest neighbor to the vacant site. Therefore, to study further the correlation between the Cr atoms and the vacant site we have performed calculations in Fe with one vacancy and two substitutional Cr atoms in different positions with respect to the vacancy and with respect to each other. We fixed one Cr atom in a first nearest neighbor (Inn) position with respect to the vacancy and moved the second Cr atom from Inn to 5nn position. We have repeated these calculations with one Cr atom fixed at 2nn and the other Cr atom moving from 2nn to 5nn and so on, with the first Cr atom up to 5nn position. Results are presented in Table 4 . Analyzing these results we can observe three different value ranges for the vacancy formation energies. There is one value which is almost equal to the value for the vacancy formation energy in iron (1.7 eV), and that is obtained when the two Cr atoms are further away than the 2nn position with respect to the vacancy. There is another set of values slightly higher than the first set and that is obtained when only one of the two Cr atoms is at Inn or 2nn position. And finally a third set of values with the highest vacancy formation energy when the two Cr atoms are in Inn or 2nn positions with respect to the vacancy. It is interesting to note that the value is higher when the two Cr atoms are at 2nn positions from the vacancy than when they are both located at 1st nn position, showing the influence of the repulsion between Cr atoms. These results imply that at least two Cr atoms must be closer than 2nn position in order to observe a significant difference in the vacancy formation energy. This could explain the behavior of the average vacancy formation energy as a function of Cr content shown in Fig. 4 , where for concentrations less than 6% the vacancy formation energy is almost constant, since the probability of having two Cr atoms close to the vacancy at these concentrations is quite low. In fact, the probability of having n atoms of the alloying element as first nearest neighbors in a bcc lattice for a given concentration c can be obtained from the binomial distribution:
Using this function Fig. 7 shows the probability of a vacancy having more than one Cr atom at first nearest neighbor distance as a function of Cr concentration. It is clear from this figure that this probability is highly non-linear at low composition, below about 7%, effect that explains the similar behavior for the formation energy of a vacancy reported in Fig. 5 . In general, these results show a dependence of the vacancy formation energy on the Cr local concentration increasing with Cr atoms at Inn or 2nn positions, but not being affected when the Cr atoms are further away from these positions. To confirm these observations, we have performed calculations on the vacancy formation energy as a function of the number of Cr atoms at Inn or 2nn positions. We have calculated all the possible configurations when we have one Cr atom at Inn or 2nn position and increasing the number of Cr atoms up to 14 (8 atoms at Inn and 6 atoms at 2nn positions). Fig. 8 represents the maxima and minima values of the vacancy formation energy as a function of the number of Cr atoms. In this case maxima and minima values increase almost linearly with the number of Cr atoms at Inn or 2nn positions. We can also observe that the vacancy formation energy increases from 1.7 eV when there is no Cr atom at Inn or 2nn positions to 2.25 eV when all the 14 Cr atoms are at Inn and 2nn. Note that the vacancy formation energy in Cr is 2.56 eV [21] . We conclude then that the influence of the chemical nature of neighbors beyond the second coordination shell contributes with only ~10% to the total vacancy formation energy.
To check these findings, we analyzed the local Cr distribution around the vacancy for the four random distributions studied as a function of Cr content. We observed that all those configurations with vacancy formation energy equal to pure Fe do not have any Cr atom at 1st or 2nd nearest neighbors, and complementary, configurations showing an increase of the vacancy formation energy, have at least one Cr atom sits as Inn or 2nn. All these findings are in good agreement with some experimental and DFT calculations performed by Froideval et al. [25] where they find that the alloy composition strongly influences the Cr local structure. They have also observed changes in the magnetic and structural properties of FeCr alloys with the Cr content with a distance contraction in the two first shells around the Cr atom.
Summary and conclusions
We present a new version of the CDM potential for Fe-Cr, adequate to describe point defects in ferritic steels. A detailed comparison between DFT and classical results tests the validity of this classical approach. We have calculated formation energies for Fe-Fe and mixed Fe-Cr interstitials in bcc Cr and formation and binding energies between one or two Cr atoms with (10 0), (1 1 0) and (111) interstitials in bcc Fe for several configurations. These calculations, and in particular the stability of the mixed FeCr interstitials with respect to all other configurations studied, show an overall reasonable agreement with ab initio results. Also, (1 1 0) configurations are the most stable for Fe-Fe, Fe-Cr and CrCr interstitials and the strong Cr-Cr repulsion in the dilute limit is properly captured, although this repulsion is slightly overestimated especially for the (1 1 l) Cr -cr dumbbell.
DFT and experimental studies indicate that the magnetic structure of the FeCr alloys is critical in determining its energetics [12, 25] . The ability to model these properties with classical potentials is a subject that has captured significant attention in recent years. The particular empirical potential used in this work does not contain any explicit degree of freedom of magnetic origin, therefore it can only provide a qualitative description of the FeCr system. For example, it shows a strong repulsion when two or more substitutional Cr atoms are nearby.
We have also studied the vacancy formation energy using the empirical potential developed. Despite the fact that the interaction between Cr and vacancies is expected to be weak, we can observe a dependence of the formation energy of vacancies as a function of Cr concentration. For concentrations above 6%, the values obtained show a linear dependence with the concentration between the vacancy formation energy in iron (1.72 eV) and the vacancy formation energy in chromium (2.56 eV). However, for concentrations below 6 at.% Cr the vacancy formation energy is almost constant. The dispersion in values below 6% is small and it increases with increasing Cr concentration reflecting the higher probability of having more than one Cr atom close to the vacant site.
Finally, we have performed some calculations to study the dependence of the formation energy with the local distribution of Cr atoms. From these calculations, we conclude that if Cr atoms are further away than 2nd nearest neighbor position with respect to the vacancy they have a small effect on the formation energy value. This could explain the constant formation energy value for low Cr concentrations as there is a small probability of finding Cr atoms at Inn or 2nn positions with respect to the vacancy, and the mean energy value obtained over the entire ensemble of possible configurations remains constant. In contrast, if Cr atoms are positioned at first or second nearest neighbor with respect to the vacancy, its formation energy increases. Therefore the Cr concentration has to be high enough in order to have a high probability of finding a Cr atom at Inn or 2nn positions to show any effect in the energy. We have calculated the extreme case where all the 1st and 2nd nearest neighbor positions are occupied with chromium atoms, the rest being Fe, and the value obtained is close to that of the vacancy in a Cr bcc sample.
